The course of the reversible helix formation of poly(7-benzyl L-glutamate) (PBG) dissolved in a mixture of dichloroacetic acid (DCA) and 1,2-dichloroethane (EDC) was followed by measuring the heat capacity and the optical rotation of the system through the transition region. The resulix of these measurements indicate that the transition enthalpy AH, the transition temperature T,, and the Zimm-Bragg parameter u depend considerably on the PBG concentration as well as on the composition of the solvent. For the standard state of infinite dilution, however, a linear extrapolation of the measured AH values results in a standard value AHo = 950 cal./mole, independent of the solvent composition. The results of the calorimetric measurements are discussed in relationship to changes in optical rotation. Some peculiarities in the measured thermodynamic and optical properties in solutions with relatively high content of dichloroacetic arid are reported.
Introduction
The proteins and the nucleic acids display in solution a secondary structure which depends on the external physical conditions. Changes in the secondary structure of these biopolymers often occur during many biochemical processes. A simple model reaction for such a structural change is the reversible helix-to-random coil transition of synthetic polypeptides.
There are several possible causes for a conformational transformation of this cooperative type, for example, variations in the temperature. 2 The course of the cooperative helix-coil transition of a polypeptide can be conveniently followed by measuring the optical rotation as a function of temp e r a t~r e .~ Recently, the experimental investigations concerning biopolymers have been widened by a new method. Nearly at the same time various groups of authors4-* succeeded in gaining information on the thermal behavior and on the thermodynamics of dissolved polypeptides and nucleic acids in a direct way. The accurate measurement of the temperature course of the heat capacity through the transition region opens a way for determining directly the transition enthalpy AH for the solvated biopolymer, and, in rr. ACKERMANN AND E. NEUMANN addition, in the case of polypeptides, the cooperative parameter In the statistical model developed by Zimm and BraggD the term u is defined as a key parameter, which now is experimentally accessible by a calorimetric method.
The synthetic polypeptide poly (y-benzyl L-glutamate) (PBG) is considered to be one of the best investigated biopolymers. In a solvent mixture of dichloroacetic acid (DCA) and 1,2dichloroethane (EDC) this polypeptide is able to display an inverse helix-coil transition. When the temperature of such a PBG solution is increased, a structural change is observed from the randomly coiled form to the helical conformation within a relatively small temperature region.2 This transition is associated with an additional change in the enthalpy of the system. At constant composition of the solvent, both the transition enthalpy AH and the cooperative parameter u depend remarkably on the polymer c~ncentration.'.~ Some orienting measurements at constant PBG concentration carried out by I<arasz and O'Reilly'O gave rise to the suggestion that different values of the transition enthalpy AH will be found in calorimetric measurements on PBG solutions having unequal weight fractions of dichloroacetic acid. Recently, this suggestion has been verified for the deuterated PBG system at two different compositions of the solvent." It may then be assumed that, only at relatively high PBG concentrations, a variation of the solvent composition would considerably affect the magnitude of AH.
It is shown in the experimental part of this paper that the influence of the PBG concentration on the measured values of AH and u is superimposed by a remarkably strong dependence on the DCA content in the mixture.
An influence of polymer concentration and solvent composition on AH and on u has not been considered in the Zimm-Bragg theory and in the theoretical extensions of this treatment developed by Applequist.12 It mas the purpose of this investigation to test whether the simple basic relations resulting from this model theory of the helix-coil transition rennin applicable over wide limits of polymer concentration and solvent composition of the investigated system provided that the dependence of the thermodynamic parameters on the mole fractions of the components is taken into account.
Materials
Poly(-y-benzyl Irglutamate) (molecular weight 350,000) was purchased from Pilot Chemicals. The dry product was dissolved in a prepared mixture of DCA and EDC (both from Fluka, Switzerland). The DCA n w redistilled several times in vacuum, n-hile the EDC was used without further purification. The purity of the solventswas tested by measuring the refractive index.
The concentration of PBG (CPBG) is expressed in moles of the amino acid residue dissolved in 1 kg. of the solvent. The portions of the components in the solvent mixture are given in weight per cent, for example S3 Wt.-% DCA.
Calorimetric Measurements
The caloiinietric measurements were carried out with a recording adiabatic calorimeter. A relatively complicated arrangement of mechanic and electronic instruments allows the measurement of the heat capacity by steps with the required high accuracy during continuous electrical heating of the calorimeter system. The calorimeter vessel has an internal volume of about 300 nil. It is furnished with electric heater rods and with a platinum-resistance thermometer. A general description of this precision apparatus is given el~ewhere.*~~~~'* A heating rate of about 0.05"C./min. was used.
A linear dependence of the measured heat capacity on temperature is obtained in each case for the pure solvent mixture of DCA and EDC without the polymer. The measurement of the heat capacity as a function of temperature leads for the PBG solutions to calorimetric transition curves which are characterized by a maximum of the additional heat capacity, C,,,., (see Fig. 6 , ref. 8, and Figs. 1 and 2 of this paper), and the temperature range in which the cooperative conversion occurs. The ternperature corresponding to C,,,., is called T,, originally in the polanmetric transition curve defined as the niidpoiiit of the conforniational conversion. The calorimetric transition temperature is-at least in principle-not the temperature value for the maximum of the measured total heat capacity within the transition region. The maximum value of the additional heat capacity (observed minus base line) is defined as8
where 6 is the fractional helix content of the polypeptide. The temperature dependence of 6 at T , can be expressed in terms of the statistical treatments of Zinini and Braggg and of Applequist.12 From an approximative relation between 6 and T, as discussed by Applequist, we get eq. (2) : C,,,,, = (AH)2/4RT,2-cra'/' (2) where R is the gas constant and T , is the transition temperature Kelvin.
The transition enthalpy AH, i.e., the additional molar enthalpy change of the system, is directly proportional to the area under the peak limited by the measured heat capacity data and the dashed baseline (corresponding to the hypothetical limiting case AH = 0); see Figures 1 and 2.
The course of the heat capacity has been measured for solutions of different PBG concentrations at various DCA-EDC solvent compositions.
The calorimetric transition curves presented in Figure 1 show the transition tenipemture T, to be dependent on the polymer concentration at constant solvent composition. The slopes of the heat capacity versus T lines below and above the transition region are not equal. This is cspecinlly marked for solutions with low concentrations of PBG.
The effect of the solvent composition on the transformation behavior of the system is demonstrated in Figure 2 concentration. Some differences in the transition curves are clearly to be seen. For the solution of 85 wt.-% DCA the transition region has been shifted to higher temperatures, the transition temperature T, has a higher value, and the area under the peak is obviously smaller than that obtained for the solution of only 81 wt.-% DCA.
Polarimetric Measurements
The polarimetric measurements were carried out with PBG solutions of solvent compositions corresponding to those calorimetrically employed. residue/kilogram solvent, and d is the length of the polarimeter tube in decimeters.
In order to interpret the polarimetric transition curves quantitatively, it is necessary to give values for the slope of such a curve at the transition temperature T,, i.e.,
In general, it is assumed that the dependence of 8 on temperature corresponds to the temperature dependence of the optical r0tati0n.l~ Thus, for the midpoint of the conversion we can write
(See the right part of Fig. 3 , where A [~] D , the total change in optical rotation in going from coil to helix, corresponds to A8 = 1.)
Results
In a previous study4 it was reported that the transition enthalpy AH at constant solvent composition is a linear function of the polymer concentration. The linear concentration dependence has been confirmed for further sets of measurements carried out with larger portions of DCA in the solvent mixture. Additionally, a strong dependence of AH on solvent composition was found.
The results of the calorimetric measurements with respect to AH are quantitatively summarized in Figure 5 . The concentration lines become increasingly steeper for larger DCA/EDC ratios. However, the linear extrapolation leads in each case to nearly the same intercept at the ordi- nat,e. dilution, there exists a standard value of the transition enthalpy :
The physical meaning of this result is that, in the state of infinite AHo = 950 f 20 cal./mole of amino acid residue This standard value is independent of the solvent composition. The dependence of the AH values on the DCA content of the solvent mixture at given PBG concentrations is shown in Figure 8a .
I t is shown in Figure 6 that,, at constant solvent composition, the T, values obtained calorimetrically and polarimet,rically fit well in the same linear relation between T, and the polymer concentration. The value of T, decreases with increasing PBG content of the mixture. For a given polypeptide concentration, T , is raised by an increase in the DCA weight fraction.
The slope of the polarimetric transition curve at T,, expressed by (1/ AT),, is observed to decrease with increasing concentration of the polypeptide at constant solvent composition. As shown in Figure 7 , for constant polymer concentration, a rise in the DCA weight fraction is accompanied by a decrease in the slope value. A slight dependence on polymer The value of the parameter (AH) 2/4RTc2C, ( 
4)
= Thus, a simple means is provided by the theory to evaluate u from the course of the measured heat capacity data only in the temperature region of the transition. It follows from the calorimetric tra.nsition curves that both AH and Ccc,m.x. decrease with increasing PBG concentrations.
The use of eq. (4) for the determination of g ' / ' leads to values depending on polymer concentration and on solvent composition, as shown in Figure 9 .
If the AH values are known, there is another method for obtaining u, in which the results of two different techniques are combined. As mentioned in the foregoing section, it is generally assumed that the temperature dependence of the optical rotation corresponds to the 6 versus T curve. The so-called van't Hoff heat of transition, AH(van't Hoff), is correlated AH(van't Hoff) = AH*ul"
The values of AH(van't Hoff) and of u calculated with use of the experimental data given in Figures 5-7 are summarized in Table I . The values of c'/* obtained in this way show a similar dependence on polymer content and on solvent composition as those calculated according to eq. (4) (see Fig. 9 ). 
Discussion
It has been found experimentally that the data for the thermodynamic and optical properties characterizing the transition behavior of PBG in DCA-EDC are dependent on the mole fractions of the components. Most inxnediately, this is obvious for the transition temperature T , being a function of the polypeptide concentration as well as of the DCA weight fract.ion. The terms T, and AH are correlated in a thermodynamic equation derivable from relations given in the Zimm-Bragg theory.
In this statistical treatment of the helix-coil transition, two parameters, u and s, are introduced. The latter, 8, can be thought of as the equilibrium constant for the incorporation into a helical section the first adjoining segment (the stoichiometric unit of the chain, i.e., the amino acid residue --I\'H-CO-CHR-, is called a segment) from a random section of the polypeptide chain. 9 The temperature at which s is equal to unity is defined as the transition temperature T,. Thus, the van% Hoff relation In s = AX/R -AH/RT is reduced to T , = AH/AS, where AS is the conformatiorial entropy change related to s.
For the stat,e of infinite dilution (index zero) it follows, TCo = AHo/ASo
As AHo is independent of the solvent composition, a shift of T , to higher temperatures with increasing DCA/EDC ratio must be accompanied by a decrease in ASo. Figure  9 and Table I This proportion is seen to be valid within 3% tolerance.
R e g d i n g finite concentrations of the polypeptide, differences in the slopes (l/AT)=, are essentially caused by changes in AHdue to changes in the solvent composition. Therefore, at constant polymer concentration, the dependence of AH on the DCA weight fraction is very similar to that of (l/AT)Tc as shown in Figure 8 . In the concentration region ccjnsidered here the corresponding ratio of the slope values equals that of the AH data within the tolerance of 10%. The data for AH and for u'~', the latter evaluated from C , , , . , , at constant solvent composition, were found to be dependent on the PBG concentration. The fact that the AH(van't Hoff) values corresponding to these conditions show a concentration dependence a little different from that obtained for the calorimetric AH data must result in gv ¶ values [calculated from eq. (S)] depending upon the polymer concentration (see Table I ). Thus, it has been shown that the experimental results concerning the dependence of the optical and thermodynamic properties on the polymer concentration and on the DCA content can be analyzed by using the same simple relation, eq. (5). Since the transition temperat.ure T, is unequivocally determined by the PBG concentration and the content of DCA in the solvent, it is at least very unusual to describe the observed dependence of AH or even of u on the mole fractions of the components as a function of T,, as done by I(arase and O'Reilly."
The basic assumption of Zimm and Bragg that u is independent of temperature during the process of helix formation cannot be tested by the results reported in this paper. We only can say that, accordiiig to our experimental findings, u is dependent on the polypeptide concenhtion and, for relatively small contents of the polymer, also on the solvent composition of this system. However, in wide limits of PBG concentration and of DCA/EDC ratios, the values of u do not exceed the order of magnitude of
In the discussion of Figure 1 it was mentioned that the heat capacity data below the transition region show a different course with temperature than those above. When the heat capacity versus temperature line below the transition region is extended to higher temperatures, it is seen that the heat capacity curve above the conformational conversion is lower, as would be expected of a helical conformation with relatively fewer degrees of freedom. However, it is not only a simple parallel shift. The plot of heat capacity above the transition region has a slope which is relatively smaller.
Therefore it is not possible to give reliable values for Acp, the partial molar heat capacity change in going from the randomly coiled to the helical conformation. Hence, a detailed thermodynamic interpretation according to Lumry et al." cannot be given. It should be a180 noted that it is the total PBG-solvent system which is rnvolved in the structural conversion of the polypeptide. Therefore some caution is necessary in drawing conclusions from the experimental findings to properties concerning the polymer alone.
Recently, the possibility of protonation of the polypeptide amide group
10-4.
by dichloroacetic acid has becn disc~ssed.~*-~ It is not yet very clear how and to what extent changes in protonation will influence the helix-coil transition of a polypeptide like PBG.
At the present state of our investigations on the PBG-DCA-EDC system it is not possible to give definite explanations for the observed dependences of AH and of u on both the polymer concentration and on the DCA content of the solvent. Possible models involving intermolecular interactions resulting in partial chaii aggregation or in steric hindrances, especially in solutions of high polypeptide concentration, must be regarded as highly speculative. Measurements of optical rotatory dispersion and circular dichroim, for instance, offer possibilities to supplement the results obtained calorimetrically and polarimetrically and to find a useful model for theoretical considerations in this field.
Conchdons
The mults of the calorimetric and polarimetric measurements can be expressed quantitatively to a satisfactory extent in terms of equations derived from the first-order approximation of the Zimm-Bragg theory. The helix-coil transition of poly(ybenzy1 bglutamate) represents a simple model reaction for the relatively complicated cooperative conversion of a polypeptide or a protein. The enthalpy change correspondmg to the elementary process of helix formation in this PBG system is the transition enthalpy AH", independent of the solvent composition.
The extrapolated values of AH and even of u agree very well with those estimated by use of the original theory9 and of its extensions.14J6-*1 Nevertheless, the dependences of AH and of u on the polymer concentration and on the ratio of the solvent components must be taken into account when equations derived from the Zimm-Bragg theory are used, e.g., for c:tlculating the fraction of helical residues or related properties.
APPENDIX
A minor peculiarity in the calorimetric and polsrimetric transition curves is found at temperatures near the upper limit of the transition region. The heat capacity data show a small additional increase before following the linear course with T in the temperature range above the transition region. This irregularity is reflected in the upper part of the corresponding optical rotation versus temperature curve, especially for solutions of low polymer cncentration (compare Figs. 1, 2, 3, and 4) .
At higher temperatures, another peculiarity is observed in the course of the heat capacity with temperature. A second peak of the heat capacity data was found in the temperature range of 60-70°C. for solutions of high polymer concentration (for instance, C~B G = 0.25M). The second peak appears between 70 and 80°C. for solutions of low PBG concentrations (e.g., CPBG = 0.07M), but only at relatively high DCA weight fractions. An example for the existence of such peculiarities is given in Figure 10 . It is seen that the course of the heat capacity data with teniperature is reflected in that of the optical rota.tion. When the calorimetric measur& ment is repeated with the same solution, there is neither the first "normal" peak nor the second one in the course of the heat capacity data, but only a straight line. This result indicates, that, in the original measurement, the polymer has been denatured with respect to its primary structure during heating through the temperature region of the second peak. A change in the polymer structure at temperatures about 75°C. is also reflected in the polarimetric transition curve which shows a fall.
For the planes under the second peak of the calorimetric transition curves, however, no simple dependence on polymer concentration and on DCA content was observed. Further investigations are intended in order to solve this new problem.
